Ti-6Al-4V lattice block structure panels were fabricated using an aerospace-quality investment casting process. Testing in compression, bending, and impact show that high strength, ductility, and energy absorption are achieved for both individual struts and full panels, despite the intricacies involved with casting fine struts (1.6 or 3.2 mm in diameter) from a highly reactive, poor-fluidity liquid titanium alloy. The panel stress-strain curve calculated by finite-element modeling correlates well with experimental results, indicating that the occasional defects, which are common to aerospace grade castings and may be present in the struts and nodes, have little detrimental effect on the overall panel compressive properties.
I. INTRODUCTION
LATTICE-BLOCK structures (LBSs), also called lattice-truss structures, truss-core sandwiches, and cellular lattices, are three-dimensional-periodic reticulated materials that derive their outstanding mechanical performance from a high-symmetry arrangement of internal trusses connected at nodes. [1] [2] [3] [4] [5] [6] LBSs have been fabricated from various metallic alloys based on aluminum, [1, [5] [6] [7] copper, [2, 5, 8, 9] and iron. [10] [11] [12] [13] Although titanium alloys are attractive candidates for LBS because of their excellent mechanical properties and corrosion resistance, to the best of our knowledge, only one titanium LBS, fabricated by selective electron beam melting, has been reported in the literature to date. [14] Titanium has been used extensively for foam-core sandwich [15] [16] [17] and honeycomb structures. [18] [19] [20] These structures were processed by powder or foil metallurgy, most likely because of the difficulty of casting highmelting, chemically-reactive, titanium alloys with a high sensitivity to contamination and poor fluidity. There is, however, considerable technical expertise in the investment casting of titanium alloys, with features as small as 1-mm and with high aspect ratios. [21] This opens the door to casting larger-sized, integral, and complexshaped titanium LBSs, combining the regular architecture of LBSs, the high mechanical performance of titanium, and the affordability of castings.
In this article, we report on a structural and mechanical characterization of individual Ti-6Al-4V struts and full Ti-6Al-4V LBS panels produced by an aerospacequality investment casting process. Mechanical tests include compression, tension, bending, and impact tests at ambient and elevated temperatures. The experimental compressive stress-strain behavior of the LBS panels is compared with finite-element modeling predictions.
II. EXPERIMENTAL PROCEDURES

A. Panel Processing
The LBS panels were vacuum cast (a production scale process) using Ti-6Al-4V satisfying the requirements of aerospace specification AMS 4985B. Investment molds from patterns were fabricated for two generic panel architectures: thick panels (25 mm in height) with thick struts (3.2-mm nominal diameter) and thin panels (13 mm in height) with thin struts (1.6-mm nominal diameter). Thick panels were cast in two sizes (100 · 100 and 200 · 200 mm 2 ) and thin panels in one size (100 · 100 mm 2 ). After casting, panels were processed according to the standard aerospace grade titanium casting process (AMS 4985B). Specifically, hot isostatic pressing (HIP) at 900°C for 2 hours under a pressure of 103 MPa, a treatment commonly used to close casting porosity, [21] was first performed. This was followed by chemical milling to remove a-case, NADCAP-approved nondestructive inspection (visual, radiographic, and penetrant), casting weld repair (if necessary), and a mill-anneal heat treatment carried out at 730 ± 15°C for 2 hours, terminated by furnace cooling, and then final inspections and light etching.
Figures 1(a) and (b) show photographs of a 100 · 100 mm 2 thick LBS panel illustrating its architecture. The panel consists of a core with struts arranged in a pyramidal manner and two faces consisting of a square external frame (with approximate 3.8 · 6.4 mm 2 cross section) filled by a triangular planar array of struts. This architecture is similar to that studied by Zhou et al. [5] for a cast Al-alloy LBS panel, with minor modifications to better allow for castability with reactive titanium alloys. The lower right corner of Figure 1(b) shows the structure unit, which consists of three types of struts: (1) short face struts, (2) long face struts (as well as some half-struts connecting to the frame), and (3) core struts. These struts have lengths of 27, 39, and 31 mm, respectively, calculated between node centers. Nodes within the faces connect 10 struts (6 face struts and 4 core struts, Figure 1(b) ), nodes along the frame length connect 5 to 6 struts (2 to 3 face struts and 3 core struts, Figure 1(b) ) and nodes at 4 of the 8 frame corners connect 3 struts (1 face struts and 2 core struts, Figure 1 (b)).
Figures 2(a) and (b) show photographs of a 100 · 100 mm 2 thin panel with the same overall architecture as the thick panel, except for the following differences: (1) the frame and nodes have the same size as in thick panels, unlike the strut length and diameter which are reduced compared with those in the thick panels; and (2) the outside-most row of core struts connecting the two frames is missing (Figure 2(b) ). Short face struts, long face struts, and core struts have approximate node-to-node lengths of 14, 20, and 16 mm, respectively.
For comparison purposes, a wrought Ti-6Al-4V rod (3.2 mm in diameter) was purchased from McMaster Carr (Elmhurst, IL) and solid Ti-6Al-4V plates were cast on some of the same casting trees as the panels with thicknesses of 4.1 and 6.3 mm.
B. Strut Mechanical Testing
Individual struts were cut from thick panels with a diamond saw, and in all cases, their surface was left in the as-received, unmachined state. Strut samples were prepared from these individual struts for compression, tension, bending, and impacting tests, as described subsequently.
Compression tests were conducted on core struts (with their ends machined to assure good parallelism) with aspect ratio of 2.0 to 2.2 at a cross-head speed of 0.2 mm/min. Strain was measured with a laser extensometer. For tension testing, long face struts, cut~2 with adjacent nodes and face struts which were used for gripping (Figure 3 ), were deformed with a cross-head speed of 0.2 mm/min. Strain was measured with a clipon extensometer with 12.7-mm gage length. Three-point bend testing was performed on core struts at a crosshead speed of 0.3 mm/min, using spans of 10.6, and 10 or 12 mm for strut from thick and thin panel, respectively. The radius of rollers was 2 mm.
A Tinius Olson IT 504 tester (Horsham, PA) with 23 J capacity and 26-mm span was used for impact testing of long face struts. The samples were not notched and the cylindrical surface was in the as-cast condition. Impact tests were also performed on the wrought Ti-6Al-4V rod control samples with the same 3.2-mm diameter as for the thick struts. Testing was performed at ambient and elevated temperature (315°C). For the later tests, the sample was soaked at 315°C in air for 15 minutes, then rapidly removed from the furnace and tested within 10 seconds, to minimize cooling.
C. Panel Mechanical Testing
Full-size LBS panels were tested in uniaxial compression at room temperature at a rate of 0.5 mm/min, using contact extensometry to measure strain. Three-point bending tests were performed on subpanels cut by diamond saw from whole panels. The number of cells was 2 · 4 for thick subpanels (Figure 1(a) ) and 5 · 8 for thin subpanels (Figure 2(a) ). The span was 60 mm; the rollers had diameter of 25.4 mm, and the cross-head speed was 0.6 mm/min, from which deflection was measured.
Impact testing was performed on 1 · 4 thick subpanels ( Figure 1(a) ) and 2 · 8 thin subpanel (Figure 2 (a)), using a Charpy impact tester (Tinius Olson 1177, Horsham, PA) with 358 J capacity. Cast solid Ti-6Al-4V plates with the same length and mass were also tested. The 1 · 4 thick subpanels and cast plates were also tested at 315°C, with the same heating duration and transfer time as for strut tests.
III. RESULTS AND DISCUSSION
A. Macro-and Microstructure Table I shows the results of a typical chemical analysis (performed by an outside company) confirming that the chemistry requirements of AMS 4985B were met for an aerospace grade casting.
Nominal density was calculated as the ratio of the panel mass and volume (taken as the outside envelope defined by the upper and lower frames). The nominal density is 0.71 g/cm 3 for all thick panels (except one panel described later) with a strut diameter of 3.2 mm, corresponding to 16 pct of Ti-6Al-4V bulk density (4.43 g/cm 3[22] ). The corresponding values are 0.92 g/cm 3 and 21 pct for thin panels with a strut diameter of 1.6 mm. The higher density for the thin panels is because of their relatively larger frame. After deducting the frame mass, the core densities of panels with thick and thin struts are 0.69 and 0.77 g/cm 3 , respectively, corresponding to 15.6 and 17 pct relative density.
Strut diameters were measured for the two thick panels subjected to room-temperature compressive testing. Panel A has struts with the nominal value of 3.2 mm, whereas panel B was intentionally cast with thinner struts (2.9 mm in diameter), to examine the effect of relative density on mechanical properties. The relative density of panels A and B are 16.0 and 13.1 pct, respectively.
Macroscopically, some of the struts are not exactly cylindrical, i.e., they exhibit small depressions on their surface created by irregularities of the patterns as well as pore closure caused by the HIP process. X-ray inspection confirmed that these shrinkage and gas pores are closed by HIP. The relative density of extracted individual struts was found to be in the range of 100 ± 2 pct, indicating little to no porosity after the HIP treatment.
The microstructure of a thick LBS panel was investigated at three different locations by metallographically preparing a node and two strut cross sections (parallel and perpendicular to the strut axis). The node microstructure, shown in Figure 4 , is characterized by a Widmansta¨tten morphology typical of cast Ti-6Al-4V. Micrographs for the two strut orientations are undistinguishable from Figure 4 . The prior-b grain size is about 0.5 mm.
B. Strut Mechanical Properties
The compressive stress-strain curves of three thin and four thick struts tested at room temperature are shown in Figure 5 . The corresponding YoungÕs modulus, yield strength, and peak strength are listed in Table II . For thick struts, the YoungÕs modulus is close to the value given by literature; [22] the yield strength is slightly higher than the literature range and the peak strength is within the broad literature range. The yield strength for thin struts is higher than the literature, whereas the peak strength falls in the range given by the literature. The higher yield strength values may be caused by slightly elevated oxygen content for the particular struts tested. Figure 6 shows tensile stress-strain curves for three thin and two thick struts tested at ambient temperature. Stiffness, strength, and ductility properties determined from the curves are listed in Table II . For thick struts, the YoungÕs modulus and tensile strength are within the literature data range, whereas the yield strength is slightly lower and the elongation and area reduction are higher. The tensile yield strength, ultimate tensile strength, elongation, and area reduction are very close to the literature data for titanium castings.
Load-displacement curves for three-point bending tests performed at ambient temperature on three thin and three thick struts are plotted in Figures 7(a) and (b) . The fracture strength r was obtained using [23] r
where F is the fracture load, L is the sample span, and R is the sample diameter. The fracture strengths were 2220 ± 231 MPa and 2740 ± 125 MPa for thin and thick struts, respectively. The lower strength of the thin struts may be explained by their lower tensile ductility ( Figure 6 and Table II ), leading to early fracture. The room-temperature impact energy for thick and thin individual struts, averaged over three tests, are 7.7 ± 0.8 and 1.4 ± 0.1 J, respectively. Despite similar diameters, the cast thick struts have about half the impact energy of the wrought Ti-6Al-4V rod (16.1 J), possibly as a result of the finer-grained microstructure imparted by wrought processing. The impact energies per unit area, obtained by dividing the impact energy by the cross-sectional area of each type of strut, are 2.0, 0.95 ± 0.1, and 0.69 ± 0.05 J/mm 2 for wrought rod, thick strut, and thin strut samples, respectively. It is apparent that the thin struts absorb less energy than the thick struts, probably because of their lower bending strength and ductility.
For impact testing performed at 315°C, the impact energy for a wrought rod is 14.1 J and those for the thick and thin struts are 12.6 ± 0.1 and 1.2 ± 0.1 J, respectively. The impact energies per unit area are 1.8, 1.6 ± 0.01, and 0.60 ± 0.05 J/mm 2 , respectively. The average impact energy of the thick struts is close to that for wrought rods, but as for ambient temperature tests, the impact energy of the thin struts is reduced.
In summary, the compressive, tensile, and bending properties of the thick struts are comparable with those found in literature data, whereas the impact energy at ambient temperature of both thick and thin struts is significantly reduced as compared with wrought Ti-6Al-4V. However, at elevated temperature, the thick struts show little difference in impact energy as compared with wrought Ti-6Al-4V. Figure 8 illustrates the compression stress-strain curves at room temperature for the two thick panels that exhibit different strut diameters (2.9 and 3.2 mm), mass and relative density, listed in Table III . Corresponding panel elastic modulus, yield strength, and maximum strength are listed in Table III . The heavier, denser panel A, with 3.2-mm struts, is about 50 pct stronger than the lighter, less dense panel B, with 2.9-mm struts. When normalizing the yield strength by the panel mass, panel A is about 20 pct stronger than panel B. Figure 9 shows a photograph of the tested panel B, showing that uniaxial compressive deformation occurs by bending/buckling of the struts. A likely reason for the lower strength of panel B is that the mass of its low-load-bearing frame is the same as panel A, but the mass of its high-load-bearing struts is less.
C. Panel Compressive Properties
The yield strength of panel A is about 3.0 pct of the compressive yield strength of its struts (29 MPa vs 1030 MPa). Zhou et al. [5] reported tests done on both struts and panels cast of an aluminum alloy with major element concentration closest to aluminum alloy 516.1 and 518.0. This panel is similar in design to ours in terms of base configuration, with a similar unit cell architecture, the same strut diameter of 3.2 mm, and a somewhat lower relative density of 13.1 pct. Their struts yield in compression at 118 MPa and their panel yields at about 3.4 MPa (average of three tests), corresponding to 2.9 pct of the strut compressive yield strength. This ratio is close to the value found for our panel A (3.0 pct), with a relative density of 16 pct. In absolute terms, the present titanium LBS panel shows a factor 8.5 improvement in compressive strength as compared with the above aluminum panel, reflecting the factor 8.7 improvement in strut compressive strength; however, the mass increase is only a factor~2.
There has been, to our knowledge, only one titaniumbased lattice block structure reported in the literature to date that was created by selective electron beam melting. Using this method, where metal powders are selectively melted layer by layer under high vacuum, Heinl et al. [14] created a structure based on a diamond lattice, with struts about 0.4 mm in diameter and 1.4 mm in length. The strut surface was very rugged, probably because of incomplete densification of the powders during the process. The structure, with a relative density of about 20 pct, showed yield strengths (17 to 23 MPa) comparable with the 19 MPa value measure on our panel B with a lower relative density of 13 pct, but less than the 29 MPa yield strength achieved by panel A at a lower relative density of 16 pct. Direct comparison is, however, not possible, because of the different spatial arrangement of the beams and the absence of any frames in the structure studied by Heinl et al. [14] Stiffness and strength results for the present panels can be compared with analytical predictions by Deshpande et al., [6] who modeled an octet-truss structure with a structure similar to the present LBS panels, except for the fact that four face struts converge on face nodes, rather than the six in the present panels. The compressive stiffness E 33 of the octet-truss structure is given by [6] 
where " q is the relative density and E s is the YoungÕs modulus of the solid material. Using the upper bound of measured strut modulus E s = 100 GPa (close to the 105 GPa lower bound for bulk Ti-6Al-4V, Table III), Eq. [2] predicts stiffness values for panels A and B (with 13.1 and 16.0 pct relative densities) of 2.7 and 3.2 GPa, respectively, as compared with measured values of 1.2 and 2.9 GPa (Table III) , respectively. Deshpande et al. [6] also found that Eq. [2] overpredicted the modulus of a cast aluminum alloy LBS panel, which they attributed to the ''bedding-in'' of the struts into the nodes during the initial stages of deformation. Additionally, the present panels exhibit nodes that are thicker than in the model, as well as additional face struts, which both reduce their stiffness as compared with Eq. [2] .
Deshpande et al. [6] also developed an equation for the uniaxial yield strength r 33 of octet-truss structures as
where a and l are the strut radius and the node-to-node length, respectively, and r Y is the yield strength of the solid. Using the experimental truss values r Y = 1030 ± 60 and 969 ± 93 MPa (Table III) , a = 1.45 and 1.6 mm, and l = 31 mm, Eq. [3] predicts panel yield strengths of 19 ± 2 and 24 ± 2 MPa for panels B and A. There is reasonable agreement with measured yield strengths of 19 and 29 MPa (Table III) , despite the additional face struts found in the present panels but absent in the structure modeled in Eq. [3] , as discussed previously. Figure 10 gives the load-displacement curve for bending tests performed at ambient temperature on a 2 · 4 thick subpanel and a 5 · 8 thin subpanel. The fracture strengths, r max , are 110 and 71 MPa, respectively, using the equation [23] 
D. Panel Bending and Impact Properties
where F max is the maximum (fracture) load, and L, w, and h are the span, width, and height of the sample. The mass of the two subpanels are 46 and 27 g, respectively.
If normalizing the fracture strength by the sample mass, the thin subpanel has larger fracture strength per unit mass, indicating better bending resistance. Figure 11 is a photograph of the 2 · 4 thick subpanel after deformation. Plastic deformation is very inhomogeneous, with the upper roller locally deforming the ductile face struts in the upper frame and some of the underlying core struts.
The impact energies for all subpanel and plate samples are listed in Table IV , together with their masses. At room temperature, the average impact energies are 292 and 61 J for thick and thin subpanels, respectively. The impact energies for plate samples with the same mass as the above two subpanels are 52 and 24 J, respectively, illustrating the very large improvement (by a factor of 2.5 to 5.6) in energy absorption achievable with the lattice architecture. At 315°C, the impact energy of the thick lattices thick panel is 357 J, corresponding to increases by a factor of 1.2 as compared with the same lattice as ambient temperature, or a factor 3.1 for the solid plate at the same temperature.
After normalization by their mass, the thick subpanels absorb about twice the energy per unit mass of the thin subpanels. This result is expected, given the much lower tensile (and bending) ductility of the thin struts as compared with the thick struts, and the higher height (and bending stiffness) of the thick panels.
E. Finite-Element Modeling of Panel Compressive Properties
The finite element model has 97 · 97 · 22 mm 3 overall dimensions with cylindrical struts 3.2 mm in diameter, closest to the thick panels with 100 · 100 · 25 mm 3 dimensions and the same average diameter struts. The commercial software ABAQUS (version 6.5-1, Providence, Rhode Island) is employed for the analysis. A total of 52,822 linear tetrahedral elements are used in the model. Two analytical rigid plates are in contact with the surfaces of the panel and the load is applied on one plate with the other plate fixed. The mechanical behavior of the material in the model is taken to be the average of the four compressive tests on thick struts shown in Figure 5 : linear elastic behavior with a slope of 100 GPa up to the yield strength of 969 MPa, followed by linear plastic behavior with a slope of 3.56 GPa (corresponding to a flow stress of 1680 MPa at strain of 0.2). A uniaxial compressive load is applied to the model up to a maximum value of 328 kN. The FEM stressstrain curve is shown in Figure 8 , and predicts the measured curve for the thick panel A, for stresses up to the yield stress, relatively well. The FEM YoungÕs modulus is 2.0 GPa (vs 2.9 GPa measured for panel A), and the FEM yield stress is 28.7 MPa (vs 29 MPa). The softening experimentally observed beyond the maximum stress of panel A is not predicted by the model. Deshpande et al. [6] also found a similar discrepancy between experimental and FEM stress-strain curves, which was assigned to the onset of plastic buckling of the struts, a phenomenon observed here as well.
Calculated von Mises stress and plastic strain contours are given in Figures 12, 13 , and 14 for loads of 60, 240, and 328 kN, respectively, corresponding to stresses of 6.4, 25.5, and 34.9 MPa. These figures show that the core struts experience the highest stresses and strains, as expected. At the lowest stress of 6.4 MPa (in the elastic range of the panel stress-strain curve), there is no plastic strain anywhere in the model and the stresses within the core struts are relatively uniform (Figure 12 ). At the intermediate stress of 25.5 MPa (just below the 29 MPa yield stress of the panel), stress and strain concentrations are visible at the nodes and in the struts near the nodes (Figures 13(a) and (b) ). Only a very few elements near the nodes show nonzero plastic strain. Finally, at the highest stress of 34.9 MPa (well into the plastic range of the panel), these stress concentrations remain (Figures 14(a) and (b)) and the core trusses deform by bending-buckling (Figure 14(c) ), consistent with experimental observation ( Figure 9 ).
IV. CONCLUSIONS
Aerospace-quality Ti-6Al-4V lattice block structures have been produced (for the first time, to the best of our knowledge) by investment casting. This processing method has many advantages as compared with other possible fabrication processes, including powder-base methods, especially as potential issues such as the presence of casting defects and their effects on lattice properties are minimized or may be even eliminated as the process matures.
Microstructural examination and mechanical testing of individual struts show that casting porosity is rare, and the nominal mechanical properties of cast Ti-6Al-4V, in particular, its high strength, ductility, and impact resistance, are maintained.
Compression tests indicate that the panel strength and stiffness are in general agreement with predictions from analytical and finite-element models. Good strength and ductility are achieved in quasi-static bending of subpanels and, under impact conditions at ambient and elevated temperatures, subpanel absorbs much more energy than a solid Ti-6Al-4V plate of the same mass; this indicates that the casting process did not lead to deterioration of the alloy mechanical properties. 
